ABSTRACT: Early growth, yolk and oil globule absorption, early morphological development and initial feeding were studied in the Black Sea turbot Psetta maxima. Based on energy transition and morphological development, the nutritional transition process from endogenous to exogenous sources was divided into six phases: (i) primordial phase (from hatching to ª 30 h after hatching, HAH); (ii) organogenesis phase (to ª 90 HAH); (iii) onset of feeding (to ª 110 HAH); (iv) early feeding (to ª 190 HAH); (v) intensified feeding (to ª 230 HAH); and (vi) completion of oil globule absorption (to beyond 345 HAH). Based on comparisons with early life stage features of other marine species, the turbot larvae were shown to possess the following characteristics: (i) oil globule remaining for a long period, resulting in an extended mixed feeding period; and (ii) feeding rate extremely high in larvae immediately following final absorption of the oil globule. These features in early turbot larvae were regarded as advantageous for survival in a rearing condition, although the coincidence of initial feeding with completion of yolk absorption signaled a period of leveled-off growth rate.
INTRODUCTION
The turbot Psetta maxima is distributed from Norway along the European coast to the Mediterranean and Black Seas. Because the species is a target of aquaculture in several countries due to its high commercial value, its larval biology, especially that concerning its nutritional requirement, has been well studied from the viewpoint of seed production (reviewed in Støttrup.
1 ) Further, AlMaghazachi and Gibson recognized five larval stages of turbot on the basis of morphological development. 2 Understanding the critical, mixed feeding period during which heavy mortality occurs 3, 4 has been considered to be important for larval rearing and, consequently, biological aspects during early larval stages have been studied in a number of species (recent studies are summarized by Ordonio-Aguilar et al. 5 and Kohno. 6 However, little information is available on the Black Sea turbot larvae, 7 although the yolk absorption rate and/or first feeding have been investigated in the Baltic Sea and North Sea turbots. [8] [9] [10] [11] Therefore, the present study aimed to clarify biological aspects of growth and morphological development, yolk and oil globule absorption, and initial feeding in early larval Black Sea turbot in comparison with other turbots. Characteristics of the transition process of energy sources in the Black Sea turbot were also compared with those of some other marine fish species.
The turbot has often been divided into two subspecies, P. maxima maxima and P. m. maeotica, the latter having been referred to as the Black Sea representative and an endemic subspecies (e.g. Nielsen 12 ). However, a recent morphological study conducted by K. Amaoka (Hokkaido University, unpubl. data,1999) tentatively concluded that the two subspecies could not be distinguished from each other and recommended that P. maxima be used to represent both subspecies. This recommendation is followed here.
Original Article
Transition from endogenous to exogenous nutritional sources in larval Black Sea turbot Psetta maxima 
Endogenous nutrition
Larvae at 12 HAH possessed a mean yolk volume of 3153 ¥ 10 -4 mm 3 (SD ± 480 ¥ 10 -4 mm 3 , n = 10), including an oil globule of 41.6 ± 3.8 ¥ 10 -4 mm 3 ( Fig. 2) . The yolk was consumed rapidly after hatching, decreasing to 1369 ± 57.7 ¥ 10 -4 mm 3 at 33.5 HAH and 60 ± 32 ¥ 10 -4 mm 3 at 63 HAH. Four of nine larvae had exhausted their yolk by 80.5 HAH, mean yolk volume being 34.4 ± 21.9 ¥ 10 -4 mm 3 (n = 5), and all larvae had exhausted their yolk by 87.5 HAH. Semi-logarithmic plots of mean yolk volume (Fig. 2) showed the slope of the regression line to be gentle until 30 HAH (Table 1) , absorption of yolk becoming rapid thereafter.
With regard to oil globule absorption, one flexion point was apparent on the semilogarithmic plots of the mean (Fig. 3) , which occurred at 140 HAH (Table 1 ). The slope of the regression was gentle until 140 HAH, becoming rapid thereafter. Larvae (four of 10) lacking an oil globule were first observed at 230.5 HAH, oil globule mean volume being 4.0 ¥ 10 -4 mm 3 (SD ± 9.3 ¥ 10 -4 mm 3 , n = 6). Although the ratio of larvae retaining their oil globule decreased gradually, the period required for its complete exhaustion for all
MATERIALS AND METHODS
Larvae used in the present study came from the spawning and rearing facilities of the Trabzon Central Fisheries Research Institute, Turkey, which faces on to the Black Sea. Eggs artificially fertilized on 12 May 1999 were transferred into a 2.5 t incubation/rearing tank. Hatching occurred at 18.00 hours, 16 May and continued until 06.00 hours 17 May. The time of hatch-out was thus standardized as 00.00 hours, 17 May, at which time the hatch-out rate exceeded 50%. The larvae were reared at 19.0-20.0 ppt salinity and 15.5-18.3°C water temperature. Rotifers (Brachionus sp.) were added from 2 days after hatching at a density of more than 10 individuals/mL of water. Nannochloropsis sp. was added every day as a water conditioner and food for rotifers. Samples of 9-14 larvae were collected at irregular intervals and the following data immediately recorded: total length, yolk length and height, oil globule diameter, eye pigmentation, and mouth width. All observations and measurements were made on fresh (not preserved) larvae. Yolk and oil globule volumes were calculated from their shape as follows: (i) non-spherical V = p/·LH 2 , L and H being length and height, respectively; 13 and (ii) spherical, V = 4/3·pR 3 , R being the radius. 'Yolk volume' in the present study refers to the volume of yolk including the oil globule. Rotifer numbers in the digestive tract were recorded every day between 14.00 hours and 16.00 hours. Time at which morphological events occurred was shown in terms of those that occurred in more than 50% of larvae examined. Observations continued until 345 h after hatching (HAH).
RESULTS

Growth
The growth of larvae from 12 to 345 HAH is shown in Fig. 1 , in which logarithmically plotted mean lengths are also provided. The mean total length of larvae at 12 HAH was 3.09 mm (SD ± 0.13 mm, n = 10). Larval growth rates varied, being rapid until 59 HAH (reaching 3.53 ± 0.07 mm), slower until 104.5 HAH (3.58 ± 0.13 mm), increasing again until 206 HAH (4.46 ± 0.12 mm), and the increasing even more so until the conclusion of the observations (345 HAH, 6.49 ± 0.53 mm). Based on the logarithmic plots in Fig. 1 , growth flexion points were observed at 53 (3.45 mm TL), 105 (3.58 mm TL) and 200 HAH (4.34 mm TL) ( Table 1) .
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M Moteki et al. larvae could not be determined in the present study as 20% of larvae still had an oil globule when observations concluded at 345 HAH (Table 2) .
Morphological development
Eye pigmentation started at 33.5 HAH and was completed by 80.5 HAH. The mouth opened at 58.5 HAH in all larvae [mean mouth width 0.148 mm (SD ± 0.013 mm, n = 11)]. Based on semi-logarithmic plots of the mean mouth width (Fig. 4) , flexion points were recognized at 102 HAH (0.215 mm) and 188 HAH (0.266 mm) (Table 1) . Mouth width increased rapidly from hatching to the first flexion point and gently thereafter. After the second flexion, the increase was again accelerated. The anus opened at 58.5 HAH. The straight digestive tract started expanding and bending at 80.5 HAH and was coiled by 165 HAH. Pectoral fin buds appeared at 33.5 HAH and became functional by 58.5 HAH.
Exogenous feeding
Initial feeding on rotifers was observed at 87.5 HAH in three of 10 larvae, each containing 3-8 rotifers in the digestive tract ( 
DISCUSSION
Scheme of development
Based on energy transition and morphological development observed in the present study, the nutritional transition process from endogenous to exogenous feeding of the Black Sea turbot Psetta maxima can be divided into six phases (Fig. 6 ): 1. Primordial phase (from hatching to ª 30 HAH). Larvae grow rapidly depending upon yolk absorption, but no morphological differentiation is recognized. mation available about the nutritional transition of the turbot is fragmented. Although the studies published previously were conducted at different salinities, the water temperatures were maintained at almost the same range (from 15°C to 18.3°C). Furthermore, Jones 8 and Gibson and Johnston 9 noted only that 'sea water' was used for rearing and the exact salinities were not given. Quantz noted that the yolk tended to be exhausted earlier in rearing conditions with lower salinity 10 ( Table 3 ) and suggested that larvae in low salinity required much more energy for swimming so as to maintain their position in the water as a result of low buoyancy. In the study by Jones, the onset of feeding began a day earlier 8 compared with the present study, which was most likely also caused by a salinity difference. Therefore, it is concluded that the rearing of turbot in lower salinities is likely to be disadvantageous to their survival as a result of yolk being absorbed more rapidly and delayed feeding, resulting in an extension of the critical period. Støttrup found that turbot larvae reared in lower salinity and higher temperatures showed a lower survival rate and a higher growth rate.
1 Further verification of the effect of salinity on survival is still needed.
No clear differences in the manner of larval development were recognized between Black Sea (present study) and North/Baltic Sea turbot. [8] [9] [10] Although Spectorova et al. indicated that the air bladder appeared earlier in the Black Sea turbot compared with the North Sea turbot, 7 the time at which the air bladder develops varies in each trial, according to Spectorova and Doroshev. 15 Comparison with other marine fishes Table 4 shows eight selected characteristics pertaining to energy transitions in eight marine species, including the Black Sea turbot.
Yolk exhaustion time is earlier in the turbot (87.5 HAH) than in the sand eel (288 HAH), American shad (168 HAH) and milkfish (110-125 HAH), the latter three species having immeasurably small oil globules in the yolk, but exhaustion time is intermediate when compared with other species (54-71 HAH). The time required for complete oil globule exhaustion for all larvae is greatest in the turbot (> 345 HAH), followed by the seabass (145 HAH). Whereby the yolk functions solely for larval nutrition, the oil globule exists as both an energy source and for buoyancy. 11, 16, 17 In contrast, the onset of feeding is latest in the American shad (120 HAH), followed by the turbot (87.5 HAH). Consequently, the mixed feeding period from the onset of feeding to the exhaustion of endogenous nutrition is 2. Organogenesis (to ª 90 HAH). Yolk absorption rate becomes rapid and the morphological differentiation for feeding commences. Mouth and anus are open to the exterior. The growth rate in this phase levels off, suggesting that the larvae are subject to a nutritional deficiency.
3. Onset of feeding (to ª 110 HAH). Yolk is completely consumed and onset of feeding observed.
4. Early feeding (to ª 190 HAH). All larvae start feeding and growth rate recovers.
5. Intensified feeding (to ª 230 HAH). Mouth width and feeding amount increase rapidly, resulting in accelerated larval growth.
6. Completion of oil globule absorption (from 230 HAH to beyond 345 HAH). Complete exhaustion of oil globule is first apparent and is completed in 80% of larvae by 345 HAH.
In terms of energy sources, phases 1-3 include the endogenous nutrition period. Although phases 3-6 constitute the mixed feeding period, phase 6 is recognized as the transitional phase to exogenous feeding. Substantial transition seems to occur from approximately 50-110 HAH, where leveled-off growth rate was found. This period includes onset of feeding, at which critical physiological events such as peak oxygen and oil globule consumption are found, and aerobic energy sources shift from amino acids and lipids, which are included mainly in the yolk and oil globule, respectively, to protein originated from feeding.
14
Comparisons with other studies
Times of yolk exhaustion and onset of feeding in P. maxima from literature sources and the present study are summarized in Table 3 , however, infor-
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M Moteki et al. Kohno et al. 20 5 Kohno et al. 21 6 Ordonio-Aguilar et al. 5 7 Kohno et al. 22 8 Kohno et al., 23 examined under dual temperatures. 9 Calculated from regression line. 10 Onset of oil globule exhaustion.
11
Incidence of feeding < 100% 13 days after onset of feeding.
longest in the turbot (> 257.5 h), followed by the sand eel (240 h) and seabass (90.5 h). The number of rotifers ingested by the turbot larvae at 230.5 HAH, when the oil globule started to become exhausted, was 43.1 ind./larva, which is an extremely high value compared with other species (1.7-12.4 ind./larva at exhaustion of endogenous nutrition). Furthermore, the period from onset of feeding to 100% feeding, which should indicate whether or not the larvae are capable initial feeders, is relatively shorter in the turbot (24.5 h) compared to others (ª 15.5-144 h). These results indicate that turbot larvae have a high ability for initial feeding.
Consequently, the transition from endogenous to exogenous energy sources for the Black Sea turbot should be relatively smooth and therefore advantageous to the survival of early larval stages. However, because of the leveled-off growth rate observed during the onset of feeding phase, there appears to be some difficulty in larval rearing during this period.
